Molecular dynamics and microstructure development during cold crystallization in poly(ether-ether-ketone) as revealed by real time dielectric and x-ray methods by Nogales, Aurora et al.
JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 8 22 AUGUST 2001Molecular dynamics and microstructure development during cold
crystallization in polyether-ether-ketone as revealed by real time
dielectric and x-ray methods
A. Nogales,a) T. A. Ezquerra,b) Z. Denchev,c) I. Sˇ ics,d) and F. J. Balta´ Calleja
Instituto de Estructura de la Materia, C.S.I.C. Madrid 28006, Spain
Benjamin S. Hsiao
Chemistry Department, State University of New York at Stony Brook, Stony Brook, New York 11794-3400
~Received 28 February 2001; accepted 7 June 2001!
The isothermal crystallization process of poly~ether-ether-ketone! from the glass has been studied in
real time by dielectric spectroscopy and x-ray scattering experiments. The combination of these two
techniques revealed a complete picture of the crystallization processes from the point of view of
both amorphous and crystalline phases. Analysis of results shows that the sample morphology
consists of lamellar stacks, separated by rather broad amorphous regions. The lamellar stacks are
highly crystalline ~;70%!, as obtained from both dielectric and x-ray scattering measurements, and
the amorphous phase within the stacks is constrained up to a level where no segmental relaxation is
possible. The remaining amorphous phase, after completion of the primary crystallization process,
still has a certain mobility, but it is significantly slower than the initial amorphous mobility.
Dielectric data and x-ray results are found to be highly congruent. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1388627#I. INTRODUCTION
When a glassy polymer is heated above its glass transi-
tion temperature (Tg), segmental mobility can enhance a
large number of conformations in polymer chain segments.
In some cases this conformation mobility may initiate the
formation of three-dimensional ordered crystallites, which
are thermodynamically more stable. However, it is known
that, in an assembly of random polymer chains which are
coiled and mutually interpenetrated, it is nearly impossible,
for purely kinetic reasons, to reach a complete crystalline
state.1 Polymer systems thus always form structures which
are partially crystalline. The structure of semicrystalline
polymers exhibits characteristic features depending on the
length scales. In the 1028 m scale, in highly crystalline poly-
mers, such as polyethylene ~PE!2 and in intermediate crystal-
line polymers, such as poly~ethylene-terephthalate! ~PET!3 or
poly~ether-ketone!s,4 there is an alternation between crystal-
line regions ~lamellar crystals! and amorphous regions ~inter-
lamellar amorphous regions!. With the exception of highly
crystalline polymers, this alternation does not extend to the
whole volume of the sample.3 The lamellae are packed into
stacks which are separated by broad amorphous regions. The
stacks can assemble themselves into superstructures, gener-
ally with spherical symmetry ~spherulites! which can reach
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it is evident that the simple, ideal two-phase model is insuf-
ficient to describe the microstructure of the semicrystalline
polymer. In this context, the various interactions between the
amorphous and crystalline phases allow one to envision the
amorphous fraction as a phase of variable properties in the
crystalline environment.5–8
X-ray scattering techniques provide information about
the structure of the ordered regions at different length scales.
Wide angle x-ray scattering ~WAXS! offers the possibility to
obtain information about molecular ordering on the scale of
several angstroms. It is useful to estimate the crystallinity,
i.e., the fraction of material which possesses three-
dimensional ordering. Small angle x-ray scattering ~SAXS!,
on the other hand, allows one to analyze the structure devel-
oped over the length scale of tens of namometers. Synchro-
tron radiation further offers the possibility to perform real
time SAXS and WAXS experiments simultaneously during
crystallization,9 which has enhanced the understanding of the
correlation between the nanostructure and crystal
development.10,11 By using both techniques simultaneously,
the ordering of the macromolecules through a very broad
length scale can be examined.
X-ray scattering techniques in general, however, do not
provide direct information about the dynamic processes oc-
curring within the amorphous phase. This is mainly due to
the absence of changes in the order or contrast. Dielectric
spectroscopy ~DS! techniques have been shown to be very
valuable when dealing with the dynamics of the amorphous
chains.12–14 In the present study we have used the combined
x-ray and dielectric techniques to get a complete picture of
the structural and dynamical changes during crystallization
from the glass. In general, the relaxation of partially crystal-4 © 2001 American Institute of Physics
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different features from that of pure amorphous systems.15,16
The reason for these differences is because semicrystalline
polymers have a much less homogeneous behavior. The mo-
lecular dynamics in semicrystalline polymers has been exten-
sively investigated.15,17,18 The a relaxation in semicrystalline
polymers, when compared to that of amorphous systems, is
broader, less intense, and generally displaced towards higher
temperatures.5,12–14,16,19 The cooperative character of the a
relaxation implies that the molecular motions are correlated
up to a certain distance j.20 Consequently, the restraints im-
posed by the crystals become effective over a similar range.
However, local relaxations involving the motion of small
pendant groups ~b relaxation! appear to be less affected by
the presence of crystalline regions in the polymer.6,7,15 Due
to the heterogeneous nature of the structures at different
length scales, it is reasonable to expect that amorphous
chains located in different regions of the sample will display
different dynamics, depending on their environments. The
presence of different levels of molecular mobility in the
amorphous phase of semicrystalline polymers has been dem-
onstrated by relaxation and calorimetric experiments.21–24
These experiments show that there exists a rigid amorphous
phase, which either does not relax or only relaxes, well
above the glass transition temperature. It is reasonable to
assume that the differences in the constrains imposed by the
crystals to the amorphous phase will be highly dependent on
the structures of the semicrystalline polymer. Hence, in order
to better understand how the amorphous regions are confined
within crystalline phase, it is necessary to have an in-depth
knowledge not only about the crystallinity but also on the
polymer structures at different scales ~microstructure and
nanostructure!.
The restrictions imposed by the crystalline regions on
the amorphous phase are expected to change during the crys-
tallization process. Here, the segmental dynamics of the
amorphous phase is gradually modified by the development
of crystalline domains. The influence of crystalline rigid and
immobile domains on the amorphous phase is rather strong,
especially if one considers that the chains in two phases may
be physically connected. However, few experiments have
been reported in which the influence of the crystalline phase
over the segmental motions in the amorphous phase was
studied in real time.5–8,25
The main objective of this work is to seek a better un-
derstanding of the changes of the dynamics in the amorphous
phase during the development of lamellar structure, by com-
bining real time x-ray scattering and dielectric relaxation ex-
periments. The polymer chosen for this study is poly~ether-
ether-ketone! ~PEEK!, a semirigid thermoplastic polymer
from the poly~aryl-ether-ketone! family. PEEK has a rela-
tively high glass transition temperature ~Tg’145 °C re-
vealed by DSC!26,27 and high melting temperature (Tm
’360 °C). Therefore, PEEK has a wide range of industrial
applications, mainly as the matrix for composites.27 We have
selected this polymer for the following reasons:
~a! Its lamellar structure has been extensively studied by
different techniques.28–31Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject t~b! The a relaxation of the amorphous phase of PEEK is
highly sensitive to the degree of crystallization.26
~c! This polymeric material exhibits a low degree of crys-
tallinity ~approximately 30%!. The remaining 70% ma-
terial is amorphous, and then it is a suitable material to
study dynamic heterogeneities in this phase.
By combining time-resolved scattering techniques and
time-resolved relaxation techniques, a complete description
of the changes occurring during crystallization in semicrys-
talline polymers may be achieved.
II. EXPERIMENT SECTION
A. Materials and techniques
Commercial samples of PEEK grade 450G ~ICI, M n
515 400, M w540 000! were received in the form of amor-
phous 100 mm thick film. In order to eliminate any kind of
orientation due to the processing procedure, the films were
folded and molten, and subsequently quenched below Tg . In
this way, isotropic films of 200 mm thickness were obtained.
Measurements of the dielectric complex permittivity («*
5«82i«9) were performed in the 1021 – 105 Hz frequency
range using a broadband dielectric spectrometer from Novo-
control. This system contained a dielectric interface with a
Stanford SR830 lock/in amplifier. Films for these experi-
ments were provided with circular gold electrodes ~3 cm di-
ameter! obtained by sputtering the metal on both free sur-
faces. The temperature was controlled by means of a
nitrogen gas jet, leading to isothermal conditions within an
error of 60.1 °C.
Simultaneous measurements of wide- and small-angle
x-ray scattering were performed in the A2 Polymer Beamline
~Hasylab, Hamburg, Germany!. The samples were heated in
vacuum (1022 torr) at the same heating rate as in the dielec-
tric experiments. A thin aluminum foil covering the surfaces
of the film ensured good thermal contact and homogeneous
heating. The temperature was measured by a thermocouple
embedded in the sample. The wavelength of the radiation
used was 1.5 Å, with a bandpass of Dl/l551023. After
reaching the selected crystallization temperature Tc , scatter-
ing patterns were recorded every 30 s for the Tc5160 °C
experiment and every 60 s for the Tc5155 °C experiment.
The scattered intensity was, then, corrected for fluctuations
in the primary beam and the background. The data acquisi-
tion system is based on CAMAC hardware and modulator
software.32 The WAXS intensity was collected using a linear
position-sensitive detector. The detector is located off the
primary beam, which allows the x-ray beam to pass through,
traveling through a vacuum tube of 1 m length. The SAXS
scattering intensity is collected on a second position-
sensitive detector located at the end of the vacuum tube.
B. Dielectric relaxation analysis
The description of the dielectric relaxation in terms of
the Havriliak–Negami empirical equation33 for the dielectric
permittivity has been shown to be of great use when dealing
with polymeric materials.12 This formalism gives the follow-
ing expression for the complex dielectric permittivity:o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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where «0 and «‘ are the relaxed and unrelaxed dielectric
constant value, respectively, tHN is the central relaxation
time, and b and c are parameters which describe the symmet-
ric and asymmetric broadening of the relaxation time distri-
bution function, respectively.
C. Wide angle x-ray scattering analysis
The crystallinity, Xc was calculated as the ratio between
the deconvoluted crystalline contribution, given by the crys-
tal reflections, and the amorphous contribution, which is
present in the form of an amorphous halo.7,34
D. Small angle x-ray scattering analysis
The position of the scattering maximum, qmax , from the
Lorentz-corrected SAXS profile, was used for the calculation
of the Bragg’s long period, LB ,
LB5
2p
qmax
, ~2!
where q5(4p/l)sin u is the scattering vector, and 2u is the
scattering angle. LB represents the average periodicity of the
lamellar stack, which corresponds, in that approximation, to
the sum of the average thickness of the crystal lamellae, lc ,
and of the interlamellar amorphous regions, la . However,
this method does not readily provide any information about
la or lc .
The SAXS data have been analyzed using the correlation
function approach by Vonk35,36 using the methods described
by Strobl and Schenider.37 The electronic density correlation
function was calculated from the Fourier transform of the
Lorentz-corrected profile. Before Fourier transformation can
be carried out, the intensity profile has to be extrapolated to
q50 and q5‘ . The value at q50 was obtained by an ex-
trapolation between the first usable data point and the origin
in the Lorentz-corrected plot. The liquid scattering profile
and the finite width of the crystal–amorphous interface were
estimated using a modified form of Porod’s law,31 which was
used in the extrapolation to q5‘ .
The correlation function is given by
gr~r!5I
21@Iˆ~q!#5E
V
Iˆe2iqrdq, ~3!
where Iˆ is the integral scattered intensity for a given q. The
vector r refers to position vector of a given scattering center
from an arbitrary origin within the sample. The correlation
function has been normalized by the invariant Q ~total scat-
tered intensity!. Therefore, the value of the correlation func-
tion g(r) at the origin (r50) is equal to unity @Eq. ~3!#.
Considering the shape of the typical polymeric crystal
lamella, a simplification of the treatment described above is
to consider the one-dimensional profile of the electron den-
sity function. For a perfect two-phase system of crystal
lamella, this one-dimensional electron density profile can beDownloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tdescribed by the alternation of regions with electron density
equal to ramorphous and regions with density equal to
rcrystalline (ramorphous,rcrystalline).
The lamellar variables obtained from this analysis of the
scattering data are long period ~L!, linear degree of crystal-
linity (XcL), crystalline lamellar thickness (lc) and amor-
phous layer thickness (la). From the correlation function, it
is possible to determine two values for the long period: The
first maximum (LcM) and twice the value of the first mini-
mum (Lcm), following the terminology adopted by Santa
Cruz et al.3 The average linear degree of crystallinity in the
lamellar stacks can be determined from the following equa-
tion:
B
Lc
M 5x1x2 , ~4!
where B is the first intercept of g(r) with the abscissa, and
x1 and x2 are the volume fractions of the two phases, within
the lamellar stacks, respectively (x11x251). The thickness
of the two phases can be calculated as l15x1Lc
M and l2
5x2Lc
M
. There has been some controversy in the literature
with regard to the assignment of l1 and l2 to the crystalline
and amorphous phases.29,30,38 This controversy is a direct
consequence of the fact that, from the correlation function
itself it is not possible to extract morphological information
unless a given model is invoked.30
If one considers the lamella stacks consisting of an ideal
two-phase model, Q can be related to the following morpho-
logical variables:39
Q5kxsphxstxcL~12xcL!~rc2r ila!2, ~5!
where k is a calibration constant, xspb is the volume fraction
of the spherulites in the material, xst is the volume fraction of
lamellar stacks within the spherulite, xcL is the volume crys-
tallinity within the stacks, and rc and r ila are the electron
densities in the two phases—crystalline and interlamellar
amorphous, respectively.
The principles of the subsequent analysis and the evalu-
ation of the correlation function are discussed in detail
elsewhere.31,40,41 For the data processing in this study, cus-
tom software SASDAP42 was employed.
III. RESULTS
A. X-ray scattering
Figure 1 shows the real time evolution of the WAXS and
SAXS patterns and correlation function of the latter during
the crystallization process of an initially amorphous PEEK
sample heated at T5160 °C ~that is above the calorimetric
Tg of the material!. For crystallization times tc longer than 6
min, in the WAXS pattern, the development of three Bragg
maxima is clearly seen. These maxima are located at around
q51.32 Å21, q51.38 Å21, and q51.57 Å21, which corre-
spond to the ~110!, ~111!, and ~200! reflections of the ortho-
rhombic unit cell of PEEK,34 respectively. Figure 2 illus-
trates the evolution of the crystallinity with the
crystallization time for the two temperatures studied. As ex-
pected, the degree of crystallinity, Xc , develops according to
a typical sigmoidal shape for both temperatures. After ano AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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levels off for longer times. Preceding studies suggest that the
induction time for crystallization ~from the glass! is gov-
erned by the segmental mobility of the supercooled melt.43
The crystallization process is faster at the higher crystalliza-
tion temperature. The final value of crystallinity reached is
about the same within the error of experiment, for the two
crystallization temperatures chosen.
The scattered intensity at small angles ~Fig. 1! displays a
maximum around q50.06 Å21 for tc.11 min at Tc
5155 °C and tc.6 min at Tc5160 °C, which indicates the
formation of a stacking lamellar structure. By applying
Bragg’s law, a final value of the long spacing Lb’112
FIG. 1. Real time evolution of the ~a! WAXS and ~b! SAXS intensity as a
function of q and tc during a crystallization process at T5160 °C of initially
amorphous PEEK. ~c! Real time variation of the correlation function ob-
tained from the SAXS patterns during this same crystallization process.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject t63 Å is obtained for both crystallization temperatures.
The invariant ~Q! ~integrated SAXS intensity after the
background and Lorentz corrections! is also presented as a
function of tc in Fig. 2 ~continuous lines!. Q displays a simi-
lar sigmoidal dependence on the crystallization time as the
crystallinity.
Figure 1~c! shows the one-dimensional correlation func-
tion profiles obtained from the data of Fig. 1~b!. The varia-
tion of the microstructural parameters Lc
M and Lc
m extracted
from the CF is shown in Fig. 3. Both parameters exhibit an
initial decrease, corresponding to the rapid initial increase of
Xc and Q, and a final leveling off at a prolonged time. The
final values obtained for the two temperatures are very simi-
lar ~slightly lower for the higher temperature!. As one may
see, the Lc
M value is larger than the Lc
m one, both are different
from Lb . As pointed out by Santa Cruz et al.,3 this difference
is caused by the presence of a distribution of long periods,
indicating that the periodicity of the stacks is not perfect.30
The parameters l1 and l2 ~thickness of the two constitu-
ent phases! have been obtained, assuming that the system
consists of a lamellar morphology from the analysis of the
correlation function. Based on several considerations which
will be discussed below, the larger value (l1) has been as-
signed to the lamellar thickness (lc), and the smaller value
(l2) has been designated as the thickness of the amorphous
layer (la). Both lc and la values are illustrated in Fig. 3~b!
for the two studied temperatures. Both values initially de-
crease and remain almost constant during the rest of the crys-
tallization process ~secondary crystallization!.
FIG. 2. ~a! Plot of the crystallinity Xc8 as a function of crystallization time
tc8 for ~d! T5155 °C and ~s! T5160 °C. Continuous lines represent the
evolution of the invariant obtained for these two crystallization tempera-
tures. ~b! Estimated value of the fraction of material incorporated within the
lamella stacks during the secondary crystallization as a function of crystal-
lization time. Same symbols as for crystallinity.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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dielectric spectroscopy
Figure 4 shows the real time evolution of the a relax-
ation followed by dielectric spectroscopy during the crystal-
FIG. 4. Real time evolution of the dielectric loss ~a! and the dielectric
constant ~b! during isothermal crystallization (Tc5155 °C) as a function of
frequency at selected crystallization times ~Calorimetric Tg5145 °C!.
FIG. 3. ~a! Dependence of the long spacing calculated from the first maxi-
mum of the correlation function (LcM) ~d! T5155 °C and ~s! T
5160 °C, and from double the position of the first minimum Lcm , ~.! T
5155 °C and ~,! T5160 °C with the crystallization time. ~b! Dependence
of the thickness of the two phases present on the crystalline stacks. (l1) ~d!
T5155 °C and ~s! T5160 °C, and (l2); ~.! T5155 °C and ~,! T
5160 °C with the crystallization time. Continuous lines are to guide the
eye.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tlization process at T5155 °C ~Calorimetric Tg5145 °C!.
The imaginary part of the complex dielectric permittivity,
measured for the amorphous PEEK, manifests a maximum
centered at Fmax5500 Hz. In Fig. 4, the a relaxation of the
initially amorphous sample is found to endure some changes
as crystallization time increases. On the one hand, there is a
strong reduction of the peak height. On the other hand, a
shift in the position of the a relaxation is observed, for crys-
tallization times longer than 40 min. ~After the 40 min crys-
tallization time, the a relaxation shifts towards lower fre-
quencies.! Similar effects have been obtained for the
experiment performed at Tc5160 °C, in different time
scales. The amplitude of the maximum loss «max9 , and the
frequency of the maximum loss Fmax , have been illustrated
in Fig. 5 as a function of crystallization time for two different
temperatures. The variation rate of both magnitudes is de-
pendent on the crystallization temperature. At T5160 °C,
«max9 starts to decrease from tc50 min and it levels off at
tc.8 min. At T5155 °C, «max9 initially remains constant,
and decreases at tc.20 min and finally reaches a plateau at
tc.60 min. A very different trend of changes emerges from
the inspection of Fmax ~Fig. 5!. At both temperatures, Fmax
remains constant when «max9 exhibits a higher rate of varia-
tion. Only when «max9 reaches its lowest plateau value, Fmax
decreases abruptly.
C. Phenomenological description of the a relaxation
An in-depth analysis of the relaxation curves was per-
formed on the basis of the phenomenological description by
Havriliak–Negami.33 The continuous lines in Fig. 4 repre-
sent the best-fit results according to Eq. ~1!. A conductivity
term was included to account for the influence of the con-
ductivity process.44–46 The obtained parameters are repre-
FIG. 5. Variation of the ~a! maximum dielectric loss values «max9 , and ~b!
frequency of maximum loss Fmax , as a function of crystallization time. T
5155 °C ~d! and T5160 °C ~s!. Continuous lines are to guide the eyes.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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noteworthy that there is a strong reduction of the relaxation
strength D« for both temperatures, following a sigmoidal
variation. The initial D« value is higher for the lower crys-
tallization temperature, which is in accordance with the
Kirwood–Fro¨lich.12,45 The final value of D« is lower for the
lower crystallization temperature.
The variation of the shape parameters shows two main
features. First, there is a decrease of the asymmetry of the
relaxation when crystallization develops, as indicated by the
increase of the c parameter towards the higher possible
value, c51. Second, the crystallization process produces a
broadening of the relaxation curves, as can be seen by the
decrease of the b parameter. Both shape parameters exhibit a
sigmoidal profile. Independent of the crystallization tempera-
ture, the final shape of the relaxation curves is almost the
same, as indicated by the similar final shape parameters. The
central relaxation time tHN , shows some different changes
during crystallization. During the period in which the other
Havriliak–Negami parameters exhibit main variations due to
crystallization, the central relaxation time remains almost
constant. Only when all the other parameters reach their final
values, tHN begins a sudden change ~the value in fact in-
crease at two different rates, fast in the initial period and
slow in the final period!.
FIG. 6. Real time evolution of D«, tHN , b, c, and bc parameters during
isothermal crystallization processes of PEEK at T5155 °C ~d! and T
5160 °C ~s!. Continuous lines are to guide the eyes.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tIV. DISCUSSION
A. Lamellar structure development
After the initial induction period, whose duration de-
pends on the temperature, the crystallization process takes
place as indicated by the emerging reflection peaks in the
WAXS patterns. The occurrence of these peaks is accompa-
nied by the development of a SAXS maximum. This sug-
gests the formation of a larger scale periodicity correspond-
ing to alternating crystalline and amorphous layers giving
rise to lamellar stacks.
The correlation function analysis of the SAXS data pro-
vides information about the volume fraction of the phases
constituting the lamellar stacks. The linear fraction of the
constituting phases in the stacks can be calculated as
X1L5
l1
l11l2
X2L5
l2
l11l2
. ~6!
As pointed out above, the ambiguity of the lamellar
thickness determined from the correlation function requires
the use of a given model to interpret the SAXS data. The
correlation method only yields the thickness values for the
constituting phases ~l1 and l2! rather than defining the crystal
lamellar thickness or the amorphous layer thickness ~lc and
la!. We have assigned the larger value l1 as lc and the smaller
value l2 as la . Our reasons, based on structural consider-
ations, are as follows.
The final mass crystallinity for the samples crystallized
at the two selected temperatures Tc5155 °C and Tc
5160 °C are approximately 22% determined from WAXS
~Fig. 2!. Time-resolved structural results from the correlation
function analysis @Fig. 3~b!# indicate that, for example for
Tc5155 °C, the final value of l1 is 87 Å and that of l2 is 27
Å. This result suggests that the linear crystallinity ~within the
lamellar stacks! is either (XcL5l1 /(l11l2)) 75% or (XcL
5l2 /(l11l2)) 25%. The assignment of XcL525% does not
seem appropriate, since it has been demonstrated that for
PEEK29,47 and for other polymers displaying low degrees of
crystallinity ~PET, Ref. 3!, the morphology consists of lamel-
lar stacks separated by larger amorphous gaps. The assign-
ment of lc5l2 would lead to a linear crystallinity within the
stacks similar to the overall crystallinity. Although examples
of this assignment can be found in the literature,23,28,48 we
will demonstrate below that the dielectric results obtained
can only be explained by assuming the first assignment ~i.e.,
lc5l1!.
Let us denote the overall crystallinity in the sample as39
Xc5XsXLXcL , ~7!
where Xs is the fraction of material included in the spheru-
lites, XL is the fraction of the material in the lamellar stacks,
and XcL is the fraction of the crystalline material in the
stacks. As mentioned above, XcL can be estimated as the
ratio between the lamellar thickness and the long spacing.
From Fig. 3~b!, one observes that during the latest stages of
primary crystallization ~the end of the rapid increase in Xc
and Q! the linear fractions of each phase remain nearly con-
stant. This indicates that the composition of the stacks is
virtually the same during late stages of the crystallizationo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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This implies, according to Eq. ~7!, that the increase observed
in crystallinity during the late stages of crystallization ought
to be assigned to an increase in the total amount of the lamel-
lar stacks. When primary crystallization ends, the spherulites
are filled in the whole sample, and Xs51. A rough estimation
of XL at this stage can be obtained through Eq. ~7!, by con-
sidering the final values for Xc , l1 , and l2 in Figs. 2~a! and
3~b!, respectively. The obtained values are considered to be
an approximation, since the parameters Xc and XcL calcu-
lated in the way described above have different implications.
This is because Xc is obtained from the WAXS patterns ~it is
a mass fraction!; XcL is calculated from the ratio of linear
thicknesses ~it is a volume fraction!. However, the volume
fraction is related to the mass fraction by the ratio between
the crystal density and the stacking density. The density of
completely amorphous PEEK is ra51.294 g cm23 and that
of a 100% crystalline PEEK sample is rc51.364 g cm23.49
Considering these values, the maximum difference between
the volume and mass crystallinity would be less than 2.5%.
The maximum correction factor would correspond to a mass
crystallinity of 50%. Since the fraction of crystalline material
in the stacks is very high ~around 70%!, the differences be-
tween mass and volume crystallinities are around 2% The
evolution of XL value with crystallization time during the
secondary crystallization regime is shown in Fig. 2~b!. As
one can see, for the two selected temperatures a value of XL
of about 0.30 is found, and it presents a slight linear variation
with the logarithm of the crystallization time, in favor of our
argument about an increase in crystallinity due to an increase
in the amount of the stacks. We note that this evidence (l1
5l6), although subtle, may be real. The strong indication
that l15l6 is discussed by combining the dielectric and the
scattering results.
B. Correlation between the amount of mobile material
and the structural parameters
According to the Kirwood–Fro¨lich equation, the dielec-
tric strength D« is proportional to the amount of dipoles in-
volved in the relaxation process.12 The decrease of D« ob-
served in Fig. 6 hence indicates that, as a consequence of the
crystallization process, the amount of relaxing dipoles de-
creases. This is evident, as the molecules incorporated to the
crystals cannot relax. By comparing the evolution of D« with
that of the crystallinity Xc , during the real time crystalliza-
tion experiments, it is possible to extract valuable informa-
tion related to the molecular dynamics in different amor-
phous regions between the crystals. If one considers the
normalized value D«(D«nor) as a measure of the relaxing
material, one can represent its dependence as a function of
the amount of crystalline material ~Fig. 7!. D«nor follows a
linear dependence with crystallinity. Should the only immo-
bile material be the only one incorporated within the crystals,
then the slope of the D« – Xc linear dependence should be
about 21. However, as one can see in Fig. 7, the dependence
is stronger ~;21.5!, showing a faster decrease in D« as Xc
increases. This trend indicates that the growing crystals im-
mobilize not only the material incorporated within them, but
also constrain some additional amorphous material, which isDownloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tprobably located adjacent to the crystals. Then, it is possible
to conclude that not all the noncrystalline fraction behaves as
a relaxing material. There is, indeed, an amount of material
that does not contribute to the WAXS patterns and that is not
relaxing, as evidenced in the dielectric spectroscopy experi-
ments. Such a fraction turns out to be similar for both crys-
tallization temperatures ~Fig. 7!. As a consequence of this
effect, one may predict that on the basis of Fig. 7, a sample
with crystallinity higher than 70% would not present any a
relaxation, even if it would have an amorphous phase of
about 30%. In this regard, early studies from Tidy and
Williams8 said that the dielectric relaxation strength of the a
process was less than expected on the basis of the crystallin-
ity values on semicrystalline polymers, which confirm the
existence of a rigid component in the amorphous regions.
Let us recall that our SAXS results could be interpreted
in the light of a structural model in which, in the sample
filled up with spherulites, the lamellar stacks are separated
from each other by larger amorphous gaps. Based on this
model, the following argument can be made. Two distinct
amorphous regions are present in the model: ~a! The inter-
lamellar amorphous phase, which can be visualized as being
highly constrained, and ~b! the amorphous regions between
the lamellar stacks that are less constrained. Considering this
scenario, one must include two relaxation processes, one re-
laxation coming from the restricted interlamellar regions and
another relaxation from the interstack amorphous regions.
Several authors have proposed this model.49 However, our
dielectric results do not support the argument of two relax-
ation processes. Instead, we observe a single relaxation pro-
cess that changes with crystallization time, and shifts to
lower frequencies as secondary crystallization develops ~Fig.
4!. In addition, the double relaxation model does not provide
any explanation for the fraction of the material ‘‘invisible’’ to
structural and relaxation techniques, i.e., the rigid amor-
phous phase that we detect.
Let us consider, nevertheless, the amorphous phase be-
tween the lamellae. We believe that inside the stacks the
noncrystalline chains are constrained to a level where the
FIG. 7. Normalized value of D« as a function of the crystalline fraction in
PEEK for two selected temperatures. ~d! T5155 °C and ~s! T5160 °C.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ence of tightly packed crystals. One may consider the lamel-
lar stacks as ‘‘immobile’’ from the point of view of the di-
electric experiments. If this is the case, then D«nor represents
the fraction of material outside the stacks, i.e., D«nor51
2XL . Introducing this relationship in Eq. ~7!, it follows
Xc5XsXcL~12D«nor!5XsXcL2XsXcLD«nor. ~8!
When the material is fully covered by spherulites, Xs51. In
addition, the extrapolation performed in Fig. 7 (D«nor50),
Eq. ~8! leads to
Xc~D«nor50 !5XcL. ~9!
From Eq. ~9! and Fig. 7 we can calculate that XcL’70%,
which is consistent with the value estimated by assuming
l15lc8 (XcL575%). It is convenient to remember that the
linear crystallinity obtained ~Fig. 7! is a mass fraction, since
the Xc values used ~from WAXS! are a mass fraction. How-
ever, the value obtained from SAXS is a volume fraction.
But, as mentioned above, given the crystalline and amor-
phous densities of our samples, the difference between vol-
ume and mass crystallinity is small ~below 2%!.
In summary, the noncrystalline material included in the
lamellar stacks does not contribute to the dielectric
a-relaxation process. Based on this assumption the linear
crystallinity within the stacks can be calculated, and a value
similar to the one calculated from morphological measure-
ments is obtained which supports the interpretation of SAXS
results. Figure 8 depicts this situation schematically. In this
figure, we assume that the noncrystalline regions in the pri-
mary lamellar stacks do not exhibit a relaxation process.
Only the noncrystalline regions in the gaps between the
stacks show a heterogeneous relaxation behavior, which is
strongly dependent of the secondary crystallization process,
as we discuss below.
FIG. 8. Scheme summarizing the obtained results from SAXS and dielectric
spectroscopy. Before crystallization, the polymer chains present segmental
motion ~schematically depicted by the curved arrows! leading to the dielec-
tric a relaxation. During primary crystallization, the restrictions imposed by
the crystalline lamella ~represented by the gray domains! mainly inhibit
segmental motions within the intralamellar amorphous phase, but not in the
interlamellar amorphous phase. During secondary crystallization, the amor-
phous material located outside the stacks, is able to undergo segmental
movement, but its dynamics is slowed down with respect to the purely
amorphous phase.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tC. Influence of the structure on the a relaxation
As pointed out above, the crystallization process
strongly affects the amount of material involved in the relax-
ation process. An interesting factor to consider is the charac-
teristics of the relaxation process of the remaining mobile
material. As observed in Fig. 5, the position of the relaxation
function does not change during the primary crystallization,
where there are major changes in the crystallinity. Consider-
ing (2pFmax)21 as an average relaxation time, the observed
decrease in Fmax at longer crystallization times indicates that
there is a slowing-down tendency of the chain mobility as
the crystals develop further. However, this decrease does not
occur until the sigmoidal parameters reach their final plateau
values. The dynamics of the amorphous material during the
crystallization process is affected by the primary crystalliza-
tion as long as the corresponding relaxation curve is broad-
ened and gradually becomes symmetric. This fact suggest
that low frequency contributions are coming in, and they
may arise from the influence of the crystalline regions. The
limit of such an influence would be to suppress completely
the motions, enhancing the appearance of a rigid amorphous
content. The relaxation process remains, however, at the
same rate, as indicated by the similar Fmax . On the other
hand, the secondary crystallization strongly affects the dy-
namics of the remaining amorphous phase, slowing down the
relaxation, and consequently diminishing the frequency of
the maximum loss, Fmax .
Concerning the shape of the relaxation, the appearance
of the crystallinity modifies the shape parameters almost
from the very beginning, especially the case for the broad-
ening parameter b. As one can see in Fig. 6, the variation of
b is parallel to the variation of crystallinity. To emphasize
this effect, the variation of the shape parameters with crys-
tallinity is illustrated in Fig. 9. On the one hand, b, which is
related to the long-range modes of the relaxation process,19
decreases gradually with crystallinity @Fig. 9~a!#. This indi-
cates that the presence of a small amount of crystals is
enough to affect the long-range modes. On the other hand,
according to the Scho¨nhals and Schlo¨sser ~SS! model, the
product of bc is related to the short-scale modes of the
relaxation process. These modes are apparently not affected
by the crystallinity, as they belong to local movements @Fig.
9~b!#. Another important feature in Fig. 9 is that, with inde-
pendence of the crystallization temperature, both shape pa-
rameters behave exactly the same. The case for tHN is dif-
ferent @Fig. 9~c!#. As crystallinity starts to increase, the
relaxation time remains unaffected. Only when the crystal-
linity achieves a certain critical value (Xc;0.15), the relax-
ation time begins to increase, indicating a slowing down of
the mobility of the unrestricted amorphous fraction. This
critical value is the same for both temperatures investigated
in this study. A possible explanation for this effect could be
the following.
During primary crystallization, the formation of lamellar
stacks produces an immobilization, not only of the material
incorporated into the crystals, but also of the amorphous ma-
terial remaining between lamella crystals. This fact strongly
influences D«, since it is related to the amount of the dipoles
involved in the relaxation process. It also affects the shape ofo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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dered due to the presence of crystals. As primary crystalliza-
tion develops, the b parameter decreases and the c parameter
increases. The relaxation becomes broader and more sym-
metric, due to the increasing number of different environ-
ments created by the crystals. However, this situation does
not affect the position of the relaxation peak. The average
relaxation time of the remaining relaxing areas ~broad amor-
phous areas located between the lamellar stacks! is the same.
Once the space is filled in with spherulites, the only location
where the system can continue crystallizing is in the broad
gaps between the stacks. The remaining amorphous phase
located in these areas has similar or slightly restricted mobil-
ity as compared to the initial amorphous sample. Secondary
crystallization has the effect of restricting the mobility on
these amorphous gaps. As a consequence, the average relax-
ation time is now increased. Within this context, recent
works have invoked the occurrence of fringed micelle-like
crystals between different lamellae.50,51 Our results indicate
that, if those crystals exist, they could not grow in between
the lamellae within the stacks. They would have to develop
in between lamellar stacks, where the amorphous phase is
also constrained, but a certain degree of molecular mobility,
necessary to form those crystals or any other kind of crystals,
still prevails.
FIG. 9. Variation of the relaxation shape parameters b and bc , and the
relaxation time tHN as a function of crystallinity. ~d! T5155 °C and ~s!
T5160 °C.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tFrom the above scenario, it can be inferred that the sim-
plistic description of two different relaxation processes
within the remaining amorphous phase would not be enough.
Moreover, in the amorphous phase of the semicrystalline
polymer there is a grading of the a process between the
‘‘normal amorphous phase’’ and the ‘‘fully rigid amorphous
phase.’’
V. CONCLUSIONS
The combination of real time techniques revealing the
parallel evolution of the crystalline phase ~WAXS and
SAXS! together with methods detecting the real time
changes in the amorphous phase ~dielectric spectroscopy!,
shows an in-depth and complete picture of crystallization
processes from the glass in PEEK. The obtained results sup-
port the concept that sample morphology consists of lamellar
stacks, separated by broad amorphous regions. The compo-
sition of the lamellar stacks is highly crystalline, as obtained
from both dielectric and structural x-ray measurements
~around 70%! and the amorphous phase inside the stacks is
constrained up to a level where no segmental relaxation is
possible. After completion of the primary crystallization pro-
cess, the remaining amorphous phase has a certain mobility,
but it is significantly slowed down by the event of secondary
crystallization.
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